This study proposes a numerical modeling method for the indoor environment with ceiling fans and upper-room ultraviolet germicidal irradiation (UR-UVGI) fixtures. The numerical modeling deployed steady-state Computational Fluid Dynamics (CFD) with a rotating reference frame to simulate the rotation of fan blades. CFD was validated with experimental data of velocity field and fraction of microorganism remaining at the exhaust diffuser. The fraction of microorganism remaining represented the ratio of the concentration of airborne microorganisms measured with UVGI turned on to the one measured with UVGI turned off. According to the validation results, the CFD model correctly reproduced the air movement induced by the rotation of ceiling fan. When the ambient ventilation rate was 2 ACH (air changes per hour) or 6 ACH, the CFD model accurately predicted the average vertical speeds in the section 2.44 m above the floor with the errors less than 10%, regardless of the ceiling fan's rotational direction or speed. In addition, the simulation results showed that the fraction of microorganism remaining increased with the ambient air exchange rate when the fan blew air downward with a rotational speed as high as 235 rpm, which corresponded with the experimental results. Furthermore, the simulation results accurately predicted the fraction of microorganism remaining when the ambient air exchange rate was 2 ACH. We conclude that this novel numerical model can reproduce the effects of ceiling fans and UR-UVGI fixtures on indoor environment, and should aid in the investigation of the impact of ceiling fans on UR-UVGI disinfection efficacy.
Introduction
Tuberculosis (TB) is the second leading infectious cause of death worldwide. In 2011, there were estimated 8.7 million incident cases resulting in 1.0 million deaths from TB among HIV-negative people and an additional 0.43 million HIV-positive people [1] . In recent years, the prevalence of multidrug resistant (MDR) TB strains and extensively drug resistant (XDR) TB strains [2, 3] , has prompted a resurgence of interest in using engineering measures to control the spread of TB, which is usually transmitted from person to person via airborne particles. This interest includes the use of ultraviolet germicidal irradiation (UVGI) to inactivate the infectious particles by damaging the DNA of the microorganisms. Extensive experimental evidence supports the efficacy of upper-room germicidal ultraviolet air disinfection for airborne infection control [4] , including tuberculosis under hospital conditions [5] .
Wells et al. first demonstrated the effectiveness of upper-room UVGI (UR-UVGI) to reduce measles transmission in schools [6] . In such a system, UV fixtures are suspended from the ceiling or mounted on a wall in order to flood the upper portion of the room above people's heads with a high irradiation levels while controlling the UV irradiation level in the lower occupied portion of the room. Obviously, the performance of such a system relies greatly on vertical air mixing to transfer infectious airborne particles to the upper portion of the room. In the 1970s, Riley et al. conducted several room-size chamber experiments demonstrating the ability of UR-UVGI to reduce the concentration of airborne microorganisms [7e9] . They found that the UR-UVGI's disinfection rate could be increased by using a slow speed large-blade ceiling fan to promote air mixing as long as the fan did not oppose the air motion that was taking place through convection. In the early 2000s, First et al. conducted a series of experiments in a model chamber, similar in size to a single patient isolation room, to investigate the fundamental factors that could affect the disinfection outcome of UR-UVGI fixtures [10, 11] . A ceiling fan was used to generate different vertical air mixing conditions in the experiments. According to the report, the operation of the fan resulted in improved inactivation of airborne microorganisms, sometimes at very high rates. Most recently, a study conducted in Peru has found that UR-UVGI with ceiling fans can be 70e80% effective in disinfecting air [5] . Therefore, ceiling fans should be considered an essential adjunct in the application of UR-UVGI, especially in the resource-limited countries and areas. Low velocity ceiling fans are commonly used in warm climates for comfort. They are quiet, efficient, relatively inexpensive, and long-lasting. However, the optimal application of ceiling fans to maximize the UR-UVGI air disinfection is not known.
Computation Fluid Dynamics (CFD) is a potentially useful tool with which to investigate the optimal use of ceiling fans for UR-UVGI disinfection efficacy. There have been a large number of studies about CFD modeling of UR-UVGI [12e14]; however, none of these studies included ceiling fans. We found only one report related to CFD modeling of a ceiling fan [15, 16] . In that study, the ceiling fan was replaced by two virtual planes-one 20 cm above the ceiling fan and one 20 cm below the ceiling fan, of which the detailed boundary conditions, such as velocity and turbulent parameters, were obtained from physical measurements. While seemingly applicable, this approach is not appropriate for general application because the user must make many measurements for modeling different ceiling fans, and the air movement between the two virtual planes is neglected. Therefore, there is a need to introduce a new CFD modeling method for ceiling fans that can be easily applied to any kind of ceiling fan, and will be available for a parametric investigation of ceiling fan effects on air disinfection with UR-UVGI.
In this study, a steady-state CFD method with a rotating reference frame to model the rotation of the ceiling fan was proposed for parametrical investigation of ceiling fans' impacts on air mixing and UR-UVGI disinfection efficacy. This method can also be used to examine the popular numerical methods to estimate UV dose and evaluate UV disinfection efficacy in an indoor environment with ceiling fans [17] . In this paper, we fully validated the CFD modeling method of the ceiling fan by experimental data in terms of air velocity and the fraction of microorganism remaining.
Methods
The simulation model was validated by the comparison with the experimental results from two independent studies: one by Momoi et al. [15] , which measured air velocity's spatial distribution induced by a ceiling fan, and another by First et al. [10] , which measured average vertical air speed at a specific height and fraction of microorganism remaining at the exhaust diffuser. They defined the fraction of microorganism remaining as the ratio of the steadystate viable microorganism concentration measured with the UVGI turned on, to the concentration measured with UVGI turned off.
Room model
The room model in CFD simulations is shown with surface meshes in Fig. 1 . It was based on an environmental chamber used by First et al. [10, 11] . The chamber had 4.6 m by 2.97 m floor area and a 3.05 m high ceiling, which was about the size of a single-person hospital isolation room. The volume of the simulation field was 41.6 m 3 . The rotational region, which was directly impacted by the rotation of fan blades, was separated from the non-rotational region by a cylindrical interface that was located in the middle of the room and connected to the ceiling. After a number of trial simulations, the interface was sized with 1.8 m in diameter and 1.1 m in height. As a result, the rotational region occupied around 6.7% of the simulation field. The room was ventilated by a system that supplied clean air near the ceiling and exhausted contaminated air close to the floor. Clean air was supplied to the room by a ventilation grill that was divided into two nearly equal louvered areas: 55% of the area had louvers directing the exiting air parallel to the adjacent wall, and 45% of the grill area had louvers directing exiting air away from the adjacent wall at 30 angle. As shown in Fig. 1 , the outlet of the room model was extended 0.6 m from the exhaust grill, in order to avoid the intervention by the reversed flow from the outlet to indoors. A ceiling fan, capable of rotating at speeds of 80 rpm, 150 rpm, or 235 rpm and blowing air upward or downward, was mounted at the center of the ceiling with the bottom of the motor at a height of 2.5 m above the floor. At each corner there was one 36-W UVGI fixture with its bottom mounted 2.12 m above the floor. In the simulations, it was assumed that the UV irradiation was confined to an upper-room zone 1.8 me2.6 m above the floor. In addition, a 190-W visible light fixture was mounted on the ceiling. The source of airborne microorganisms was represented in the simulation by a ball with a diameter of 0.146 m at a height of 1.5 m above the floor, located at the center of the room.
Simulation cases
The six cases that were simulated are listed in Table 1 . Cases 1 and 2 were used to validate the model in terms of fan-induced airflow with experimental data from the literature [15] . In order to avoid the encumbrance due to heat sources and ambient ventilation, both UV and visible lamps were turned off and a low air exchange rate of 0.5 ACH was applied. Simulations for the remaining four cases were used to validate the model in terms of the average vertical speed at the horizontal section at a height of 2.44 m. For these four cases, the room was maintained at a slightly negative pressure of 12 Pa, and without UV irradiation or a microorganism source, as in a previously published experiment [10, 11] . Simulations for Cases 5 and 6 were also performed to predict the fraction of microorganism remaining at the exhaust (see Section A in Fig. 1 ) for comparison with the experimental results reported in the literature [10, 11] .
Grid system
The simulation domain of the chamber was made up of 65,803 surface meshes and 1,503,413 spatial cells generated by the Polyhedral Mesher of the commercial CFD software Star-CCMþ V6.04.014 [17] . As a whole, a good grid quality was ensured with the maximum skewness angle to be less than 81 [18] . In order to appropriately simulate the air movement induced by the rotation of the fan blades, over 86% of spatial cells were located in the rotational region, which was only 6.7% of the simulation field. In addition, the prism cell layers were applied on all of the wall boundaries, and those along the fan blades were made very thin to ensure sufficient grid resolution in order to capture the flow characteristics in the near-wall region of the blades (Fig. 2 ).
CFD methods
With Star-CCMþ V6.04.014 [18] , the realizable keε model [19] which was considered more reliable than the standard keε model for simulating rotational shear flow, was combined with a twolayer approach [20] using the Wolfstein model [21] . This combination was adopted together with the implicit SIMPLE algorithm [22] . The finite volume method was applied with the second-order upwind scheme for discretizing the governing equations of velocity components and pressure, and the first-order upwind scheme for temperature and passive scalar. For the near-wall region, the all-y þ wall treatment was applied to emulate the high y þ wall treatment with standard wall laws for y þ > 30, the low y þ wall treatment for fine meshes with y þ to be approximately 1 or less to give reasonable results for intermediate meshes where the cell centroid fell in the buffer layer. The rotating reference frame was applied only in the rotational region by assuming that the region was in a quasi-steady state. This method did not explicitly model rotation; instead, it generated a constant grid flux in the appropriate conservation equations by automatically adding the source terms with respect to the Coriolis force and Centrifugal force, which were calculated with Equation (1) based on the properties of the reference frame. Although this method underestimates the weak effect, it is appropriate for the flow, which is most likely to be influenced by time-averaged properties. A significant amount of simulation time can be saved with this method, when compared to simulating the ceiling fan's rotation in a transient state [18] . 
Boundary conditions
The boundary conditions are listed in Table 2 . In Cases 3, 4, 5 and 6, to include the heat effect of the UV and visible lamps in the simulation, it was assumed that 75% of the electrical input was transformed into heat loss [23] , among which 40% was by convection, 40% by infrared radiation and 20% by conduction [24] . When the lamps were turned on, heat loss due to convection was set at the lamp surfaces, and that due to infrared radiation and conduction from the UV and visible lamps was assumed as convective heat transfer from the wall. In the simulations with the lamps turned on, a uniform heat transfer rate was set at the wall surfaces with the total amount equal to the heat loss due to infrared radiation and conduction from the UV and visible lamps. In addition, in these four cases, the boundary conditions for the ball source were determined from the experimental settings of First et al. [10] . In their experimental facility, the microorganisms aerosolized by a 6-jet Collison nebulizer (CN 25, BGI Inc., USA) entered the center of the room through a tube with a perforated ball at its end, which distributed the aerosols evenly in all directions.
Calculation of fraction of microorganism remaining by Eulerian method
A previous numerical study performed on the same chamber environment indicated that much more computational cost and more post processing efforts were required for the particle tracking with the Lagrangian method compared to the passive scalar simulation with the Eulerian method [14] . Because this study aimed to provide an efficient numerical tool for assessing the UR-UVGI disinfection efficacy, the Eulerian method was preferred. This method calculated the dispersion process of airborne particles by representing it with a passive scalar movement together with indoor air. According to the experimental procedures by First et al. [10] , microorganisms were added to the chamber by attaching on the surfaces of the aerosols with a diameter of less than 2.5 mm, which were generated continuously at a constant rate and sampling was performed after steady state was closely achieved. Therefore, it should be appropriate to simulate the microorganism concentration using a passive scalar at a steady state. The UV inactivation of airborne microorganisms was coupled in the transport equation as follows: Bacillus atrophaeus spores were used in the experiments [10, 11] with the UV susceptibility constant to be 0.04 m 2 /J. In the simulations, the B. atrophaeus spores were represented as a passive scalar with a Schmidt number of 1. Because the fraction of microorganism remaining was calculated as the non-dimensional ratio of the concentration of B. atrophaeus spores measured with the UVGI turned on to the concentration measured with the UVGI turned off, the concentration at the microorganism source was arbitrarily set to be 1 cfu/m 3 .
The death rate of microorganisms in the air was influenced by several factors, such as air temperature, relative humidity, and disinfection by UV irradiation. When considering airborne transmission by droplet nuclei and ignoring the evaporation process of droplets, the death rate caused by the factors other than UV irradiation could be simplified to be a constant value [25] . This value was much lower than the death rate caused by UV irradiation in a room with perfect mixing ventilation. The ignorance of this value in concentration simulation could take fewer effects on the prediction of the fraction of microorganism remaining, e.g. the ratio of the concentration of airborne microorganisms with UVGI turned on to the one with UVGI turned off, which was of primary interest in this study. Therefore, as well as in the experiments [10, 11] , we assumed in the simulation that the inactivation of the microorganisms was only caused by UV irradiation.
The spatial distribution of UV fluence rates within the irradiation zone was obtained from a commercially available ComputerAided Design (CAD) tool named VisualÔ (Acuity Brand Lighting, Conyers, GA). The CAD tool is widely used by the lighting industry for analysis of architectural lighting layouts, and its application has been extended to the prediction of UV fluence rate, based on the same algorithms to perform calculations in the visible range of the spectrum. Details of the CAD procedure can be found in the paper by Rudnick et al. [26] . When applying VisualÔ to calculate the UV fluence rate in UV irradiation zone, the reflectivity was assumed to be 10% [26] . In addition, an interpolation function by Star-CCMþ V6.04.014 was applied to map the UV fluence rate distribution by VisualÔ onto the CFD grid.
Results
We first examined the fluence rate distribution generated by the CAD tool and the interpolation process of the CFD tool; next we investigated the fan-induced airflow reproduced by CFD simulations in an environment with very little ventilation; finally we investigated the capability of the CFD method to predict the vertical air speed and UR-UVGI disinfection efficacy in terms of the fraction of microorganism remaining when using a ceiling fan.
Fluence rate distribution
Relative agreement between the physical measurement with a cylindrical sensor and the numerical prediction by the CAD tool was quantified graphically with the BlandeAltman plot in terms of the fluence rates at 72 specific locations within the UV irradiance zone as shown in Fig. 3 . The BlandeAltman plot [27] is a graphical approach for evaluating agreement between a pair of numbers obtained by two different methods. The details can be found elsewhere [26] .
According to Fig. 3 , approximately 97% of the ratios of measured to predicted fluence rates fell between the upper and lower 95% limits of agreement (LOA), which corresponded to the mean difference between the pairs of AE1.96 standard deviations of the differences. However, because the UV lamp output was collimated by the louvers, the irradiance field from the UV fixture contained discontinuities, which could change very abruptly and cause poor predication at a particular location close to the fixtures. Fig. 4 shows the symmetrical distribution of fluence rates at the horizontal section 2.2 m above the floor, which was obtained after the interpolation process by Star-CCMþ [18] . The average UV fluence rate of the irradiation zone was 0.15 W/m 2 .
Fan-induced airflow
Momoi et al. [15] measured the detailed air velocity distribution around a ceiling fan in a large experimental room where the ambient ventilation was believed to be very small and unable to affect fan-induced airflow. The comparison of experimental and CFD results is presented in Figs. 5 and 6 for Cases 1 and 2, respectively. As shown in Table 3 , the CFD model was different from the experimental settings in terms of the room size and ceiling fan. However, because the conditions of the ambient environment and fan operation in the simulation were similar to those in the experiment, it was reasonable to qualitatively investigate the CFD method's capability of correctly reproducing the fan-induced airflow by comparing the spatial variation trends of the velocity components.
According to Figs. 5 and 6, the CFD simulations reproduced the fan-induced airflow well, and characterized the flow field around the ceiling fan regardless of the fan rotational direction. Additionally, the simulation results were also consistent with the experimental data in terms of the change of velocity components in the direction along the fan blade at the height of 20 cm above and below the fan blade. 85% of the differences between the velocity components due to simulation and measurement were smaller than 0.25 m/s. The greatest difference was for the vertical velocity component in Case 2 (V Z in Fig. 6(c) ). As a whole, considering the differences between the experimental and CFD settings, we judged that the simulated values of the velocity components were reasonable and acceptable. Therefore, this CFD modeling method with a rotating reference frame indicated sufficient accuracy to reproduce the flow field around an operating ceiling fan regardless of its rotational direction and speed.
In addition, the floor and walls showed great influence on faninduced airflow. In such a small confined space, the use of a ceiling fan generated large-sized air circulations between the central line of the room and sidewalls. Furthermore, the downward faninduced airflow generated additional small-sized air circulation between the floor and the fan-induced airflow. These fan-induced air circulations could contribute to the mixing of room air. However, the downward fan-induced airflow also generated eddies between the fan-induced airflow and sidewalls in the lower portion of the room. This indicated the possibility of high local concentration of the microorganisms and elevated infection risk in case that there was no efficient infection control measure, such as UR-UVGI.
Average vertical air speeds
The average vertical air speeds due to the experiment and simulation were compared in Table 4 for Cases 3, 4, 5 and 6. In the experiment, the horizontal section 2.44 m above the floor was divided into 16 equal-area rectangles, and the velocity was measured 100 times at an interval of one second at the center of each of these rectangles. In each case, the average vertical air speed was the average of the absolute values of these 1600 measurements without regard for the airflow's direction [11] . Furthermore, the simulation result in each case was calculated as the average of the absolute values of the vertical air velocities at the centers of the rectangles. According to Table 4 , the average vertical air speeds were predicted with errors of less than 10%, and the prediction accuracy was better when the air exchange rate was 6 ACH.
As shown in Fig. 7 , fan-induced airflow dominated the air movement indoors even when the air exchange rate was as high as 6 ACH regardless of the fan rotational direction and speed. For example, in the horizontal Section C (see Fig. 1 ), which was 0.95 m under the fan blades and at the height of the breathing zone of a person while standing, the flow field was characterized by the ceiling fan's rotational conditions. On the other hand, in such a small chamber, the walls indicated an important factor in forming the indoor airflow pattern when using the ceiling fan.
The CFD method correctly reproduced the fan-induced airflow and reflected its impact on the indoor flow field. However, in the horizontal section, which was only 4 cm below the fan blades, the velocities were very sensitive to the location and time due to the influence by the walls and the rotation of the fan blades. It was a difficult task to accurately predict the temporary local velocities in this section with the simplified simulation in a steady state. However, as such good agreement on the average vertical air speed was obtained even in this horizontal section so close to the fan blades, this numerical method could be considered appropriate to predict the air mixing effect of a ceiling fan, which was one of the most important purposes to develop this CFD method.
Fraction of microorganism remaining based on Eulerian method
Figs. 8 and 9 shows the microorganism concentration distributions in Section B and C (see Fig. 1 ) in Cases 5 and 6 with a downward rotational speed of 235 rpm. The concentration was lower close to the inlet. In addition, in each case, the microorganism concentration with UR-UVGI turned on decreased by over 33% in most of the room space, compared to the concentration obtained when the UR-UVGI turned off. It coincided with the results presented in Table 5 , which compared the volume-averaged concentration in Cases 5 and 6 with UR-UVGI turned on and off, respectively. According to Figs. 8 and 9, and Table 5 , UR-UVGI disinfection efficacy was greater when applying a smaller air exchange rate as the concentration decrease caused by the application of UR-UVGI was greater in Case 5. On the other hand, a higher air exchange rate helped to more efficiently decrease the concentration by more quickly exhausting the microorganisms to the outside, which resulted in the concentration distribution to be smallest in Case 6 with UR-UVGI turned on.
The fractions of microorganism remaining obtained from experiments and simulations were compared in Table 6 . In the experiment by First et al. [11] , B. atrophaeus spores were sampled directly in front of the midpoint of the exhaust air grille in Cases 5 and 6 with high downward fan rotational speed. Therefore, we calculated the fraction of microorganism remaining based on CFD results with the concentrations at the midpoint of the exhaust (see Section A in Fig. 1 ). In addition, this parameter was also calculated with the volume-averaged concentrations, in order to examine the fraction of microorganism remaining in the whole room.
As the air in the chamber was well mixed in these two cases, the simulation results with the concentration at the midpoint of the exhaust and the volume-averaged concentration were consistent with each other. The prediction of the fraction of microorganism remaining was accurate in Case 5 with the air exchange rate of 2 ACH. However, the fraction of microorganism remaining by CFD was poor and there was an evidently underestimated value in Case 6 with the air exchange rate of 6 ACH.
According to Table 6 , as well as the experimental result, the simulated fraction of microorganism remaining also increased with the air exchange rate when the fan blew air downward at the same speed. Therefore, although this CFD modeling method failed to match the fraction of microorganism remaining in Case 6, it should Table 3 Differences between simulations and experiments in Cases 1 and 2.
Parameter
In be capable of investigating the UR-UVGI's disinfection performance when using a ceiling fan.
Discussion
Large differences were generated between the experimental and simulated results in terms of the fraction of microorganism remaining in Case 6. It resulted primarily from the limitations of CFD methods, room modeling, experimental errors, and differences between experimental and simulation conditions. This study applied two simplified approaches in the numerical modeling to achieve significant reduction of expensive computations, at the cost of simulation accuracy. First, we used a rotating reference frame, which did not show the transient effect due to the real motion. Therefore, the simulated flow field and microorganism concentration distribution in the vicinity of the fan blades would be somewhat different from those in the real world. Unfortunately, the fan blades were inside the UV irradiation zone. This condition reduced the prediction accuracy of the UV exposure for microorganisms due to the ignorance of the transient effect. Second, we applied the Eulerian method by using a passive scalar to represent airborne particles, which derived microorganism concentration based on simultaneous effects of UV irradiation on the microorganisms. As shown in Equation (2), the UV susceptibility constant, which should vary for each particle with the microorganisms, was fixed at 0.04 m 2 /J in the simulation. The Eulerian method could not track the disinfection process for each infectious particle and consider the own survival rate for airborne microorganisms attached on the particle. Therefore, the inactivation mechanism due to Eulerian method was different from that in the real world, in which the inactivation probability of an infected particle was not linear to UV dose. Therefore, the Eulerian method would generate errors in predicting the UR-UVGI's disinfection effect.
There was a tradeoff between the accuracy of generating faninduced airflow and the computational cost when determining the extent of the rotational region. According to the results of trial simulations, air movement in the vertical direction became violent and likely incorrect when the rotational region was much smaller; however, as the rotational region occupied over 86% of spatial cells, its expansion could result in a significant increase of spatial cells. Therefore, the practical motivation of avoiding too heavy a computational burden required the smaller choice of rotational region. Here, the border of the rotational region was initially proposed by the experienced supporter of the CFD tool, and finally determined after a number of trials, in consideration of the server's computational capability.
On the other hand, the experimental errors were also evidently great. In the biological experiment conducted in a real-size chamber, the fraction of microorganism remaining was measured to be over 1.0 in Case 6, which was physically impossible and an overestimate.
Finally, as a numerical tool, CFD worked well under the ideal conditions where there were not any interruptions to the flow and concentration fields. Therefore, the air mixing by a ceiling fan might be overestimated and there may have been a greater number of microorganisms to be inactivated by UR-UVGI in CFD. Moreover, due to the vibration caused by the motor's operation, the fan blades usually move in a much more complicated pattern in reality. However, in CFD simulation, the movement of fan blades was simplified as the rotation at a constant speed around a fixed axis. This simplification would affect the accuracy for CFD simulations to reproduce the fan-induced airflow.
Conclusions
In this study, a CFD modeling method was developed to assess the indoor air mixing and UR-UVGI disinfection efficacy when using a ceiling fan. With this method, the periodic fan rotation was simulated at a steady state by applying the rotating reference frame to reproduce the fan-induced airflow. Furthermore, the dispersion of airborne microorganisms was calculated with the Eulerian method by using a passive scalar to represent the airborne particles. This CFD modeling method was validated by comparing its predictions to experimental data in terms of velocity and the fraction of microorganism remaining. The comparison showed that this method properly reproduced and characterized the faninduced airflow, and the vertical air mixing by the ceiling fan. In addition, this method correctly predicted the fraction of microorganism remaining in Case 5. Furthermore, both CFD and the experiments predicted that the fraction of microorganism remaining in the chamber increased with the ambient air exchange rate when the fan blew air downward with a fan rotational speed of 235 rpm. Therefore, this method is able to predict the UR-UVGI disinfection efficacy when using a ceiling fan to improve indoor air mixing.
In the future, this CFD modeling method will be applied to conduct parametrical investigation of the integrated application of ceiling fan and UR-UVGI to improve the UR-UVGI's performance on inactivating microorganisms, with consideration of the various indoor settings with specified humidity, temperature, ambient ventilation, microorganisms, heat sources, and well characterized UV fixtures. 
